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 9 
 10 
ABSTRACT 11 
The formation of hollow granules from hydrophobic powders in a high-shear mixer granulator has been 12 
investigated by changing the binder/ powder mass ratio and studying its effects on granule size and 13 
structure.  14 
 15 
In this study, a mixer granulator was filled with 100 grams of hydrophobic fumed silica and then 16 
varying quantities of 5% Hydroxy Propyl Celloluse solution was slowly sprayed into granulator. A 17 
range of liquid to solid mass ratios between from 0.5:1 to 15:1 was used. Granules were then dried at 18 
60ºC in a fan forced oven.  19 
 20 
This paper compares the particle size distributions, scanning electron microscopy (SEM) images and x-21 
ray tomography (XRT) images of hollow granules as a function of the liquid to solid mass ratio. The 22 
granule mean size increased and the fraction of un-granulated (fine) particles decreased as the liquid to 23 
solid mass ratio increased. Simultaneously, the morphology and structure of the hollow granules 24 
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 2 
changed from a spherical to a deformed structure which indicates the importance of choosing the 1 
optimal liquid to solid mass ratio. The optimal liquid to solid mass ratio for Aerosil R202 powder in 2 
this study was found to be between 3:1 and 6:1. The final granule shape and size distribution are 3 
dependent on the liquid to solid ratio if the liquid marble nucleation process starts with a preformed 4 
droplet template.  5 
 6 
Keywords: Hollow granule, Liquid marbles, dry water, hydrophobic, granulation, agglomeration, XRT  7 
 8 
1. Introduction 9 
A tablet with good characteristics such as good flow and compressibility, uniform concentration of 10 
active ingredients and excipients, and few fine particles is not made on a tablet press; it is made in 11 
granulation process [1]. Wet granulation is the process of collecting particles together by creating 12 
bonds between them using a binding agent. The granulation process combines one or more powders 13 
and forms granules that will allow the tabletting process to be predictable. Wet granulation is one of the 14 
most common ways to granulate. The granulation process can be very simple or very complex 15 
depending on the characteristics of the powders. If the active ingredient represents a high percentage of 16 
the blended material and is also hydrophobic like many drugs in the pharmaceutical industry, problems 17 
may then begin. In many processes surfactant is added to overcome the problematic characteristics of 18 
hydrophobic powders, but in some cases the surfactant is either not compatible or too expensive to be 19 
used [2].  20 
 21 
Hollow granule formation is a new way to solve the problematic granulating behavior of hydrophobic 22 
powders. The dissolution rate of tablets made from hollow granules is rapid and the drying is fast due 23 
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 3 
to the thin shell thickness [3]. These granules also show good compressibility characteristics during the 1 
tabletting process [3]. 2 
 3 
Hollow granules can form from hydrophobic powders by “solid spreading nucleation” [2, 3] where the 4 
powder spreads around a template drop in the nucleation process and the interior liquid is subsequently 5 
dried to form a hollow granule. The nuclei formed by solid spreading are also known as “liquid 6 
marbles” [4, 5] and “dry water” [6], and are used in cosmetic and pharmaceutical formulations. Liquid 7 
marbles and dry powder encapsulation are examples of particle design. 8 
 9 
There are now several studies on producing liquid marbles and hollow granules at laboratory scale. 10 
McEleney et al [7] studied the effect of powder density and particle size on the stability of the liquid 11 
marbles and reported the formation of a hollow granule shell after drying poly-methylmethacralate 12 
(PMMA) liquid marbles. In another study, Eshtiaghi et al [8]  reported three different granule shapes- 13 
perfect, buckled and collapsed - after drying liquid marbles in small scale experiments. The formation 14 
of perfect hollow granules was generally improved by increasing the binder viscosity, increasing the 15 
drying temperature and decreasing the particle size of the powder. In a laboratory scale study, Bhosale 16 
et al [9] investigated the strength of liquid marbles formed with PTFE (7-12  m) and two types of 17 
treated fumed silica powder. High surface area nanoparticle powders (eg. Aerosil) created more 18 
uniform powder shells through uniform coverage of the liquid –vapor interface. They found that nano-19 
powder shells form an “elastic” membrane that makes these liquid marbles mechanically robust in 20 
comparison with conventional liquid marbles made from larger particles, and that these liquid marbles 21 
formed from nano-particles are able to withstand higher compressive stresses during drying, and may 22 
be more likely to form hollow granules [9]. These studies did not investigate or attempt the production 23 
of hollow granules on a larger scale. 24 
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 4 
 1 
Although there are now several published papers on the production of liquid marbles and hollow 2 
granules via laboratory techniques [7, 8, 9], only two methods of mass producing of hollow granules 3 
are reported in the literature [2, 5, 10].  4 
 5 
The first method for mass production of hollow granules is melt granulation [10] where a single 6 
granule is formed from a binder particle by sequential deposition of hydrophilic primary particles on its 7 
molten surface. If the first layer of particles forms a stable arch and does not collapse as the binder 8 
liquid from the core is drawn by capillary force to the shell region, a hollow core granule is formed.  9 
 10 
The second method is via solid spreading nucleation in a high shear mixer [2, 6] and there are two 11 
related studies in this area. In one study, “Dry water” was produced by encapsulation of water with 12 
various grades of hydrophobic silica [6]. In this study, they found that by decreasing the 13 
hydrophobicity of powder, powder shell formation became more sensitive to intense mixing conditions. 14 
The liquid marbles became less stable and required lower impeller speed and more powder to 15 
encapsulate the same volume of liquid. Atomization into the high shear mixer was not performed. In 16 
this study, the liquid marbles were the desired end product.  17 
 18 
Stable hollow granules [3] were successfully produced by drying liquid marbles which were formed via 19 
solid spreading nucleation. The granules were produced in a 2L granulator using a formulation of 70 20 
wt% hydrophobic drug powder, 20% microcrystalline cellulose and 4% hydroxypropyl cellulose binder 21 
as hydrophilic excipients and 1% sodium lauryl sulfate surfactant. The hollow granules were strong 22 
enough to withstand the downstream milling process as the excipients stabilized the powder shell to 23 
allow the hollow structure to be preserved during drying. Hapgood et al [3] studied the effect of wet 24 
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 5 
massing time on granule structure for two different liquid ratios and found that the granules tended to 1 
deform and elongate as the amount of fluid and/or wet massing time increased. There are no further 2 
studies on the effect of changing the binder liquid ratio on the morphology of the hollow granules.  3 
More investigation in this area is required. 4 
 5 
The objective of this present work is to perform a systematic study of the effect of the binder fluid to 6 
powder mass ratio on the size distribution and internal microstructure of granules formed by a high 7 
shear mixer granulation process. 8 
 9 
2.  Materials and Methods 10 
Aerosil R202 (Degussa Co. Germany) is the commercial name for highly hydrophobic fumed silica 11 
which has been silanised to turn the surface hydrophobic. The original powder is very fluffy and 12 
somewhat dusty with a reported primary particle size of around 16 nm and a high 300 m
2
/g BET 13 
surface area. However, it tends to self-agglomerate to form large and loose flocculated networks with a 14 
much larger particle size between 1-30μm. Figure 1 shows a SEM image of Aerosil particle aggregates 15 
and Figure 2 shows the particle size distribution as measured by laser diffraction. HPC (Hydroxy 16 
Propyl Celloluse, 100,000 Mw, Sigma Aldrich Pty Ltd) with 5% concentration was used as a binder 17 
solution. The viscosity of the 5% HPC solution was measured using a rotational viscometer (Visco 18 
Basic Plus, Fungilab, Barcelona) and found to be 108 mPa.s.   19 
 20 
Granules were prepared in high shear KG-5 (Series IV) laboratory scale granulator from the fumed 21 
silica and 5 mass% HPC.  The metal mixing bowl was 20 cm in diameter and 13 cm height. A three 22 
bladed impeller was mounted at the base of the bowl, and the fluid was added through a nozzle port in 23 
the perspex lid. The ratio of binder fluid to powder mass (L: S) was varied between 0.5:1 and 15:1. The 24 
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 6 
granulator bowl was loaded with 100 grams of fumed silica and mixing was performed at constant 1 
impeller speed of 155 rpm. At this impeller speed, the powder exhibited roping flow. The silica was dry 2 
mixed for 2 minutes in order to break down any weak, loose aggregates of primary particles. 3 
 4 
The 5% HPC binder solution was then sprayed into the granulator using Unijet nozzle (400017) at 5 
5.6 bar pressure and 90 g/min flow rate. The distance from the nozzle tip to the powder surface was 6 
approximately 3 cm and the spray width at this point was almost 1 cm. The droplet size distribution 3 7 
cm below the nozzle was measured using a Malvern Spraytec with a 300mm lens, which measures up 8 
to a nominal drop size range of 0.5-900m. The d50 drop size was 442m, with a broad distribution of 9 
(d10 = 145 μm, d90 = 763 μm). The total spray time varied with the liquid ratio. To reach a liquid ratio 10 
of 6:1 took 6.67 minutes of spraying while a liquid ratio of 15:1 was reached after 16.75 minutes of 11 
spraying. At the completion of the granulation step, approximately one third of the wet granulated 12 
powder was tray-dried in a forced-fan oven at 60
o
C. 13 
 14 
Particle size distributions were analyzed by laser diffraction using a Malvern Mastersizer 2000  with 15 
detectable particle size between 0.2 – 2000 m. Analysis was performed in dry mode using 3 bar 16 
pneumatic transportation for un-granulated Aerosil powder and at 0.5 bar for analyzing the hollow 17 
granules. The vibrating feeder was set to 100% to obtain an obscuration between 1 - 6 %. These 18 
conditions were chosen based on titration of the pneumatic transport pressure and vibrating feeder 19 
settings, to ensure reproducible data. The Aerosil R202 was quite difficult to measure reproducibly due 20 
to its aggregated initial state and sensitivity to electrostatic forces. A pneumatic pressure of 3 bars was 21 
found to be the optimum pressure for dispersing the un-granulated Aerosil. Below 3 bar, significant 22 
large aggregates of primary particles were found while increasing the pressure above 3 bar caused the 23 
Aerosil particles to re-aggregate. The pneumatic transport pressure used for analyzing the granules was 24 
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 7 
0.5 bar, which was again found to be the optimum which was able to disperse the particles in the laser 1 
beam without significant breakage of the granules.  2 
 3 
Laser diffraction uses an assumption of constant density across the entire size range when 4 
reconstructing the particle size distribution of the sample. There are many cases where this assumption 5 
is questionable, including when analyzing “normal” granule size distributions where there is a mixture 6 
of porous granules and non-porous particles from the raw powder. In these experiments, the 7 
“ungranulated” fine Aerosil particles are also low-density, fractal aggregates of nano-particles with 8 
>90% void space. Thus, any density differences between the hollow granules and the raw aggregated 9 
powder is expected to be far less than would occur in a “normal” granulation experiment. 10 
 11 
Granules were sieved into size fractions (1000, 500, 250, 125, 63 microns) and the microstructure of 12 
each sieve fraction was characterized scanning electron microscopy (SEM) and x-ray tomography 13 
(XRT). Representative granule samples were imaged using either JEOL 840A SEM equipment (back 14 
scattering at 20 kV acceleration voltage, 3e-10 probe current or at 15 kV and 1e-9 probe current), or 15 
JEOL 6300 FEG SEM equipment at 5 kV acceleration voltage. Back scattering and/or low acceleration 16 
voltages were required to overcome granule charging problems which occurred while taking some 17 
images. 18 
 19 
Three dimensional x-ray images of granules were obtained using X-ray micro computed tomography 20 
machine (Xradia Inc. USA) with approximately 2 micron resolution. The X-ray sources operated at 40 21 
kV. Each granule was scanned by acquiring 361 or 721 projections taken at 0.5º or 0.25º rotational 22 
increments. The distance between the source and sample was 80-125mm, and the sample detector 23 
distance was fixed at 20-25mm. Different exposure times and magnifications were used for scanning 24 
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 8 
different mesh size granules to acquire sufficiently detailed images.  After collecting a set of phase 1 
contrast projections (where each projection shows mainly the edge enhancement of the sample), these 2 
projections were processed with tomography reconstruction software to produce three dimensional 3 
phase contrast data. 4 
 5 
The phase contrast projection data-set from some samples were then selected to apply a phase retrieval 6 
step. Phase retrieval is applied to each phase contrast projection image to obtain a phase map of the 7 
object in each projection. The resulting phase images are then tomographically reconstructed to 8 
produce a 3D phase map of the sample. Phase retrieval represents a considerable advance over phase 9 
contrast images in terms of obtaining a quantitative measure of the object reflective index, whereas 10 
phase contrast can obtain only qualitatively the object structure that can be seen typically in the edge 11 
enhancement This is a useful technique for imaging a transparent material (e.g. Aerosil) as transparent 12 
materials produce poor absorption contrast, and require an intermediate step of phase retrieval to 13 
acquire more detailed images. 14 
 15 
3. Results  16 
The effect of liquid–solid ratios ranging from 0.5:1 up to 15:1 on granule morphology and size 17 
distribution was investigated. The liquid ratio of 15:1 was the upper limit of liquid to solid ratio. After 18 
adding 1.5kg of solution to 100g of powder, the granulated mass showed behavior similar to a soft 19 
solid, where vibrating the powder bed would cause the bed to wobble like jelly due to attaching liquid 20 
marbles to each other. This was also the upper limit that could be handled in the 4L mixer bowl as the 21 
bed swelled so dramatically that the granule flow was visibly constricted by the granulator lid.  22 
 23 
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 9 
Figure 2 shows particle size distribution (PSD) for the granulated Aerosil as a function of liquid ratio. 1 
The particle size distribution of the ungranulated Aerosil R202 is shown for comparison.  Prior to 2 
granulation, the raw Aerosil powder is aggregated between 1-30μm. After 50g of water has been added 3 
(i.e. L: S ratio of 0.5:1) the main ungranulated powder peak is mostly unchanged, but a small 4 
proportion of newly formed granules appear as a second peak between approximately 80-600μm. The 5 
location of this main granule peak seems to coincide with median drop size of the spray, suggesting 6 
that these granules are being formed directly from the drop templates in the spray. Adding a further 50g 7 
of liquid to reach a 1:1 liquid ratio shifts the ungranulated peak slightly to the right and the proportion 8 
of granules formed increases. The shift in the ungranulated peak suggests that the finest particles in the 9 
feed powder are being granulated first.  10 
 11 
As the liquid to powder ratio increases to 6:1 the amount of ungranulated powder decreases sharply and 12 
two peaks are seen in the granule distribution – the first at approximately 200μm and the second at 13 
approximately 1mm. At 8:1 liquid ratio, the batch is more than half granulated and the main granule 14 
peak has shifted upwards to approximately 1mm. Further liquid addition to the limit of 15:1 appears to 15 
show some breakage of the granules as relatively few granules larger than 1mm remain. Overall, Figure 16 
2 shows that as the liquid to solid mass ratio increases, the proportion of granules (approx 100μm-17 
2mm) steadily increases with a major granule peak around the mean droplet size (440µm) while the 18 
amount of un-granulated Aerosil (<100m) steadily decreases. Table 1 summarizes the particle size 19 
distribution statistics as a function of liquid level. 20 
 21 
Figure 3 presents SEM images of the granules and Figure 4 presents x-ray tomography (XRT) images 22 
as a function of both granule size and liquid ratio. The particle size distribution results in Figure 2 are 23 
consistent with observations from the SEM images (Figure 3). The sieve cut of 63-125μm contains a 24 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 10 
mixture of ungranulated and granulated powder. As the binder:solid ratio increases from 0.5:1 to 15:1 1 
(see Figure 3a, d, g, j, n, s) the amount of ungranulated powder in the 63-125μm SEM images also 2 
visibly decreases, which is consistent with the size data in Figure 2. For L: S ratios between 0.5:1 and 3 
6:1, a second peak representing small granules appeared in Figure 2. XRT images shown in Figure 4a, 4 
b, c confirm that these small granules are indeed hollow.  5 
 6 
We also observed that as the L: S ratio increased, the liquid marbles tended to attach to each other and 7 
produce larger, irregularly shaped granules, which are not desirable (compare Figure 3p with Figure 8 
3c). The granules gradually become elongated and deformed as the liquid level and average granule 9 
size increases, as observed in another liquid marble system [3]. Many of the granules shown appear to 10 
be partially collapsed or buckled in shape. This kind of structure is not seen in conventional 11 
granulation, but has been observed previously in solid spreading nucleation systems [2, 8].  12 
 13 
Figure 3 shows the gradual evolution in granule size up to a maximum of approximately 500μm. 14 
Although the laser diffraction results in Figure 2 show that there are granules above 1mm in size, these 15 
samples generally broke during the SEM or XRT sample preparation procedure, which indicates that 16 
they are loose aggregate of particles. Only at the two highest liquid ratios tested – 8:1 and 15:1 – could 17 
images of the largest granules be taken. An XRT image of a 1mm loose aggregate formed at 8:1 liquid 18 
ratio is shown in Figure 4s. The structure of this fragile granule is clearly different to all the other 19 
granules shown and the granule was not hollow.  20 
 21 
The XRT images in Figure 4 demonstrate that most of the hollow granules formed across all L: S ratios 22 
have a complex and almost foam-like internal shape structure. As the L: S ratio increases, this structure 23 
stretches and finally produces a filament-shaped granule. These stretched granules are clearly seen in 24 
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 11 
SEM images (see Figure 3b, e, h, k, o, t) and XRT images (see Figure 4 w, x for example). Only a few 1 
spherical hollow granules containing only one hollow cavity were found and an example is shown in 2 
Figure 7. These granules were mostly in the 63-125μm sieve cut and can be seen as small round 3 
granules in the top row of Figure 3, although the example shown in Figure 7 is a larger 250-500m 4 
example. This is in contrast to previous work on hollow granules [3], where single cavity spherical 5 
granules were commonly found and the even the larger granules only contained 2-4 hollow cavities 6 
rather than the complex foam structure observed here. The reasons for the differences in structure are 7 
unknown and could be related to the formulation, the processing conditions, or both. 8 
 9 
The maximum granule size at the highest L: S ratio of 15:1 decreases from 1000μm to around 500μm 10 
(see Figure 2) which is indication of granule breakage. We expected to see loose aggregate granules 11 
above 1mm but the X-ray image of this mesh cut ( Figure 4x) at 15:1 liquid:solid ratio indicates the 12 
existence of hollow granules. The corresponding SEM image for this mesh cut (Figure 3w) also reveals 13 
large granules, and is quite different in appearance to Figure 3r which shows the same sieve cut at a 14 
lower liquid ratio of 8:1. The appearance of at least some hollow granules greater than 1mm at the 15 
highest L: S ratio of 15:1 may be related to the availability of enough binder fluid to granulate all the 16 
particles. However, none of these examples of granules greater than 1mm are suitable for drug delivery 17 
as they are either loose aggregate of the primary particles or flattened and stretched filament of hollow 18 
granules (see Figure 4s, x, respectively). 19 
 20 
As granulation proceeds, we see increased coalescence of the granules as the L: S ratio is increased. 21 
The granules tended to coalescence in layers or sheets to form large granules (typically 500μm and 22 
larger) with a foam-like internal structure. Figure 5 and 6 show XRT cross sectional images of foam 23 
sheet for 500μm mesh cut of 3:1 and 15:1 B/P mass ratio, respectively. We expect these granules will 24 
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 12 
have different strengths as their shell thicknesses are quite different. The foam formation is most likely 1 
caused by compression and squeezing of the liquid marbles during processing, perhaps even in the 2 
highly turbulent spray zone. The Aerosil R202 powder has an extremely low bulk density and the 3 
roping flow pattern in the granulator was significantly disrupted as it passed beneath the overhead 4 
nozzle. Preliminary experiments with smaller batches showed that it was possible for the force of the 5 
spray to blast the powder out of the way and land directly on the metal base of the bowl. Forny et al 6 
[11] have shown that there is a threshold energy per unit mass, above which a phase invesion to form a 7 
“mousse” can occur. In our experiments, no bulk phase inversion of the batch occurred, and the patches 8 
of foam-like structure could either be coalescence of liquid marbles or localized areas of phase 9 
inversion to form a mousse. Alternatively, the foam structure may be related to foaming and bubbling 10 
during drying which can occur due to the evaporation of a residual liquid inside partially dried particles 11 
[12].  Walton and Mumford [12] reported high surface area powders with strong gas absorption 12 
properties had higher internal porosity after drying due to adsorption of absorbed gases.  13 
 14 
To maximize the number of spherical, single cavity granules and minimize the formation of foam 15 
sheets, choosing the optimal L:S ratio is important. For the process examined in this paper, the 16 
optimum L: S ratio appears to be between 3:1 and 6:1. The size distribution data in Figure 2 shows a 17 
reasonable conversion of dry powder to hollow granules, while the granules morphology shown in 18 
Figures 3 and 4 shows minimal occurrences of all undesirable effects such as foam sheet formation, 19 
stretched filament granule, and also considerable amount of un-granulated fine particles are less 20 
illustrated in this range.  21 
 22 
There are some interesting features hidden in x-ray tomography images when they are reanalyzed as 23 
phase retrieval images instead of phase contrast images. All images in Figure 4 are phase contrast 24 
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 13 
images except Figure 4m, v. Figure 7 demonstrates phase retrieval image of L: S mass ratio of 6:1 for 1 
250-500μm mesh cut. A spherical hollow granule is shown, which appears to be filled with smaller 2 
spherical powder aggregates. The internal aggregates may be formed during granulation, or perhaps are 3 
related to erosion of the interior of the granule shell during drying, transportation, sampling, or sample 4 
characterization, or can be related to internal blistering occurred during drying [12]. This internal 5 
blistering produces small particles or blisters within the larger parent particle. The bright outlines 6 
surrounding the circumference of the spherical granule in Figure 7d, e, f (and the small foam sheet 7 
around the granule in Figure 7e) indicate a denser wall structure formed from Aerosil and HPC binder, 8 
while the faded white color within the granule is consistent with lower density un-granulated Aerosil.  9 
 10 
The phase retrieval images also help to interpret some features observed in the SEM images.  Many of 11 
the granules shown in the SEM micrograph images in Figure 3 have multiple small, spherical 12 
attachments on the surface. For example, see Figure 3p,u.  From the SEM images, it is not clear 13 
whether these attachments were small hollow granules or small aggregates of the primary particles. By 14 
comparing SEM and X-ray images (see Figure 8) the low density circles on the outside of the granule 15 
outline are clearly not hollow. We conclude that these small exterior attachments are mostly aggregate 16 
of ungranulated Aerosil particles. 17 
 18 
4. Discussion  19 
The work presented here has shown that stable hollow granules can be produced from liquid marbles 20 
formed from hydrophobic Aerosil R202 and 5% HPC binder in a high shear mixer granulator.  The 21 
formulation used here is far simpler than the formulation reported previously [3] although the granule 22 
structure is far more irregular and complex than the earlier reports. This may be due to the extremely 23 
high liquid ratios used; differences in the formulation used, or due to the processing conditions 24 
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 14 
including the high shear mixer design. In comparison, the maximum liquid to solid ratio in the previous 1 
report of hollow granule formation from liquid marbles was only 0.78:1 [3]. The smaller liquid ratio 2 
may have made their system simpler to control, as even the larger granules contained a single hollow 3 
cavity [3] rather than the complex foam structure found in this work. In addition, the formulation used 4 
in the previous study contained several different components with different functionality, including a 5 
surfactant and water absorbing cellulose [3].  This more complex formulation changes the interactions 6 
between the solid and liquid and may have contributed to producing spherical, single cavity granules. 7 
The dramatic differences in granule structures indicate the importance of performing x-ray tomography 8 
experiments during hollow granule formulation design.  9 
 10 
Our experimental results show Aerosil R202 powder, which is the most hydrophobic commercial 11 
pharmaceutical grade, can encapsulate up to 15 times of its own weight of 5% HPC solution, which is 12 
extraordinary. Previous studies on a similar system of Aerosil R202 / R812S and pure water in a high 13 
shear mixer granulator were able to encapsulate 24 times the powder weight [6]. This was not 14 
attempted in this study due to the volume restriction of used granulator. Forny et al. [6] reported that 15 
the formation of liquid marble becomes less sensitive to mixing conditions as the hydrophobicity of the 16 
Aerosil powder increases, and that liquid marbles can be produced at using any impeller design at the 17 
correct speed. We were able to encapsulate fluid 15 times of powder weight without producing a bulk 18 
mousse. We note that the mixing conditions and rotational speeds used in this study were different 19 
from previous study [6]. This demonstrates that liquid marbles can be formed in any equipment using 20 
highly hydrophobic Aerosil as long as the mixing condition remains in roping regime [13]. The roping 21 
regime ensures good mixing from top to bottom of the powder in the granulator. If powder mixing is 22 
poor, the binder will accumulate in bottom of granulator and fewer liquid marbles will form. Poor 23 
mixing can occur if the powder flow is in the bumping flow regime [13] or if the powder circles the 24 
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exterior wall of the granulator due to low mass and high centrifugal forces (eg high Froude number). 1 
We found that centrifugal flow is easy to induce when using a low density, highly aerated powder like 2 
Aerosil.   3 
 4 
Forny et al [6] reported that changing the liquid to solid ratio does not affect on the shape or size 5 
distribution of the formed granules. In contrast, our study showed that the shape and the size 6 
distribution of granules were influenced by L: S ratio. The discrepancy between our observations and 7 
previous work may be related to liquid addition method, as we atomized the liquid into the high shear 8 
mixer but in previous work the bulk of water was added into mixer. By spraying liquid, the granulation 9 
process starts with a preformed droplet, but by adding bulk of liquid then mixing, the process of 10 
nucleation starts in mechanical dispersion regime [14]. These two methods of adding liquid indicates 11 
two different nucleation mechanisms for forming the drop templates for the liquid marble. These 12 
different methods in turn cause changes in the granule shape and particle size distribution in response 13 
to changes in the operating variables.  14 
 15 
In the melt granulation method for producing hollow granules, Ansari et al [10] reported that the un-16 
granulated fine particle fraction dropped as L: S ratio increased, but the granule size was only affected 17 
slightly. We also found that the proportion of un-granulated particles decreases as the L: S ratio 18 
increases, in contrast to Forny et al [6] who used an almost identical formulation. This may imply that 19 
nucleation of liquid marbles from a preformed droplet template determines how the granulation process 20 
will proceed, regardless whether solid spreading nucleation [3] or melt granulation [10] is being used.  21 
 22 
Although, the mechanism of hollow granule formation in our study and Ansari’s study [10] was 23 
different, the “solid spreading” nucleation stage of both processes starts with a preformed droplet 24 
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template. Both studies found that the granule morphology was affected by the L: S ratio. This was not 1 
seen in Forny 's study [6] even though also had a “solid spreading” nucleation process.  2 
   3 
The SEM and XRT data showed that as the hollow granule size increases, they tend to become 4 
buckled, which has also been reported previously [2, 7, 8, 9]. As reported in our previous study [8] 5 
using a similar formulation, 80% of Aerosil (R974) and 5% HPC granules buckled at 60ºC drying 6 
temperature and only 20% of granules had perfect hemispherical shape. In this study, we also see the 7 
same buckled and spherical shaped hollow granules, but had expected to see more spherical granules 8 
due to the smaller droplet size of the binder (less than 500μm). The previous work used much larger, 9 
3mm diameter single droplets and liquid marble quality was improved as droplet size decreased [8]. 10 
Also, the Aerosil R202 used in this study had higher surface area compared to Aerosil R974 [6] which 11 
may produce a more uniform shell and more robust liquid marbles during drying [9]. The probability of 12 
buckling during drying appears to increase as more liquid marbles attach to each other due to longer 13 
residence times in the mixer, or perhaps during sample handling while wet. These larger granules will 14 
experience more compressive stresses during drying [9]. This may be because the irregular shape and 15 
higher mass of the large granules creates stresses that break the wet bridges between particles during 16 
drying. Symmetric spherical granules are inherently more mechanically robust because the spherical 17 
shape is a somewhat self-supporting. Irregularly shaped granules would require much more 18 
concentrated binders to support the same mass of powder.  19 
 20 
The intention of this study was to determine the optimum conditions for producing perfect spherical 21 
hollow granules but as can be seen from Figure 3 most of the granules are buckled with many 22 
depressions and twists on the exterior surface. The appearance of a buckled surface was also seen in 23 
small scale experiments during drying of liquid marbles [7, 8, 9]. For PVP and HPMC solutions, 24 
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 17 
success rate of hollow granule formation was proportional to the binder fluid viscosity [8]. However, 1 
for HPC solutions, the average survival rate remained relatively constant regardless of the HPC 2 
concentration/viscosity [8]. This may imply that the shear experienced by granules during the longer 3 
residence time in the granulator is important in determining the extent of granule buckling and 4 
deformation in granulator. Specifically, higher liquid ratios and longer spray times mean that the total 5 
shear experienced by the granules is also higher. Consequently, the proportion of deformed or buckled 6 
hollow granules as well as filament and foam-like granule increases. These large scale experiments had 7 
less success in producing high quality hollow granules compared to small scale experiments[8] even 8 
though we used a higher surface area Aerosil and smaller droplet size. Both of these were expected to 9 
produce more robust spherical hollow granules. Choosing the optimal L: S ratio is very important in 10 
terms of maximizing the chance of survival of spherical hollow granules and minimizing the portion of 11 
ungranulated fine material. In addition, shorter residence times may be better for producing spherical 12 
hollow granules, although further experiments with different types of powders are required to test this. 13 
In all cases, the existence (or not) of hollow granules should be confirmed with XRT. 14 
 15 
5. Conclusion 16 
The effect of liquid to solid mass ratio on hollow granule formation in high shear mixer granulator has 17 
been studied. The final granule size was found to increasing as the liquid to solid mass ratio increased. 18 
As the liquid to solid ratio increased, the amount of un-granulated fine particles decreased but the 19 
proportion of flattened and stretched filament granules increased which indicates the importance of 20 
choosing an optimal liquid to solid ratio. The optimal L:S ratio for Aerosil R202 in this study was 21 
found to be between 3:1 and 6:1. In this L: S range, more of the raw fine particles were granulated and 22 
fewer flattened hollow granules were produced. The final granule shape and size distribution were 23 
dependent on liquid to solid ratio when the liquid marble nucleation process began with a preformed 24 
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droplet template from an atomized spray. When there is no droplet template at the start of process 1 
(eg.mechanical dispersion of a large bulk of fluid, [6]), the final shape and size of granules is 2 
independent of liquid to solid ratio and formation of liquid marbles occurs in a mechanical dispersion 3 
regime.  4 
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1List of Figures:
Figure 1 SEM micrograph of un-granulated Aerosil R202.
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Figure 2 Particle size distributions for un-granulated and granulated Aerosil with different HPC binder mass ratio in high 
shear mixer granulator
Figure
2Figure 3 SEM micrograph for 63-1000μm mesh cut of granulated Aerosil with different HPC binder mass ratio in high shear mixer granulator (scale bar is 200μm)
3Figure 4 X-ray tomography of the granule internal structure as a function of liquid binder mass ratio and granule size. 
4Figure 5 (a)X-ray tomography of 3:1 binder: powder granules, (b) bottom cross sectional area of image a, (c) top cross sectional area of image a.
Figure 6 (a)X-ray tomography of 15:1 liquid: powder granules (b) bottom cross sectional area of image a, (c) top cross sectional area of image a.
5Figure 7 XRT image of 6:1 L: S ratio (a) Three dimensional microscope image, (b) Three dimensional x-ray tomography phase contrast image, (c) Three 
dimensional x-ray tomography phase retrieval image, (d) XY cross sectional area, (e) YZ cross sectional area, (f) XZ cross sectional area.
6(a) (b)
Figure 8 Images of 6:1 binder ratio (a) SEM micrograph image (b) X-ray tomography image 
